• Male rats were classified as "anxious" or non-"anxious" based on plus-maze performance.
Introduction
For the regulation of certain aspects of behaviour, serotonin and androgens exercise opposite effects. Thus, with respect to both sexual and aggressive behaviour, exogenous androgens generally exert an enhancing [1] [2] [3] and castration a dampening [4] influence, while the situation for serotonin is the opposite; enhancing serotonergic output dampens [5] [6] [7] [8] while serotonin depletion promotes [9] [10] [11] [12] [13] both sexual activity and aggression.
The observation that testosterone influences various aspects of brain serotonergic transmission [24] [25] [26] , makes it tempting to suggest that the behavioural effects of androgens on aspects of behaviour that are dampened by serotonin may be partly mediated by a hormone-induced reduction in serotonergic transmission. However, it is also possible that androgens promote and serotonin dampens aggression and sexual activity by parallel paths. Supporting the latter notion, serotonin depletion seems incapable of restoring aggression [27] and sexual activity [28, 29] in castrated animals; the effects of testosterone on these aspects of behaviour hence seem independent of the presence of serotonin [27] while that of serotonin seems dependent on the presence of androgens. On the other hand, the possible interplay between androgens and serotonin with respect to EPM-assessed anxiety-like behaviour has, to our knowledge, as yet not been explored.
Studies on the regulation of rodent behaviour may benefit from taking the inter-individual variation among the experimental animals into consideration. In this vein, we have earlier demonstrated that inter-individual differences with respect to EPM performance within a batch of outbred male Wistar rats may be eliminated by serotonin depletion but accentuated by acute serotonin elevation [30] ; moreover, a positive association between various indices of serotonergic transmission (such as the expression of tryptophan hydroxylase, TPH2) and anxiety-like behaviour were observed. Prompted by these observations, we designed the present study to explore the influence of castration on inter-individual differences in EPM performance within a batch of male Wistar rats and to what extent a possible effect of gonadectomy is serotonin-dependent, i.e. if it can be reversed by serotonin depletion. In addition, the possible influence of gonadectomy on the previously observed association between EPM behaviour and the expression of Tph2 in the brain region harbouring serotonergic nerve cell bodies, the midbrain raphe, was assessed.
Materials & methods

Animals
120 male Wistar rats (Taconic, Ejby, Denmark), aged 10-11 weeks at arrival, were housed with a 12-h light/dark cycle (lights on at 6 AM) and with standard chow and water available ad libitum. The animals were allowed one week of acclimatisation after arrival before being subjected to any behavioural tests. All procedures were carried out with approval of the local ethics committee and in accordance with institutional guidelines.
Design of the experiment
As in a previous study by our group [30] , animals were tested in the EPM one week after arrival and subdivided on the basis of how they performed in the EPM, the 1/3 most prone to spend time on the open arm constituting one group, presumably characterised by low "anxiety" (high open arm, HO) and the 1/3 most prone to avoid it constituting the other, tentatively more "anxious", group (low open arm, LO). The remaining middle group was excluded from all further analyses in order to avoid misclassification of animals belonging to this group but being close to one of the extreme groups. Due to the presence of two interventions (gonadectomy and serotonin depletion) where some mortality could be expected it was decided to include the four least and most "anxious" animals from the middle group in the HO and LO groups respectively, thus resulting in a HO/LO group size before gonadectomy of 44 and the prospective group size for the eight groups of the final analyses being 11. During the week after the baseline EPM session, half of the animals in each group were gonadectomised and the other half subjected to a sham operation. After four weeks, during which the animals were left undisturbed, they were subjected to a second EPM session. Two weeks later, the animals of each group were treated with the TPH2 inhibitor para-chlorophenylalanine (p-CPA) or saline for three days whereupon a third EPM session was undertaken. One week later, the animals were decapitated under isoflurane anaesthesia with collection of trunk blood. The brains of rats that had received saline were extracted for the dissection of brain stem raphe nuclei.
Surgical procedures
Animals were gonadectomised under general anaesthesia with ketamine and xylazine. Sham operation consisted of an incision with subsequent suturation. After the operation, the animals were allowed to recuperate in single cages for 1-2 days.
2.4. p-CPA administration p-CPA (Sigma-Aldrich, St Louis, MO, USA) was dissolved in 0.9% saline and administered i.p. as one injection of 300 mg/kg per day for three days with the last injection being given 24 h before the EPM test, i.e. at a dose known to reduce brain serotonin levels by >95% [23, 31] .
Elevated plus-maze
A standard black acrylic plastic rat EPM (Med Associates, St Albans, VT, USA) was placed in a quiet room with a light level of 35 lx in the centre of the maze, provided by a single incandescent light bulb. All tests lasted for five minutes. The EPM apparatus was placed in rooms new to the animals at sessions 2 and 3 in order to minimise the effect of habituation [32] .
Dissection procedures
After extraction of the brain, a bloc of tissue containing the raphe nuclei, anteriorly limited by the inferior colliculi, laterally by the cerebral peduncles and posteriorly by the obex, was dissected and immediately frozen on dry ice.
Gene expression analysis
Individual samples of raphe tissue were homogenised in Qiazol (Qiagen, Hilden, Germany) using a TissueLyzer (Qiagen). Total RNA was extracted with an RNeasy Lipid Tissue Mini Kit (Qiagen) using a QiaCube (Qiagen). RNA quality and quantity were assessed by spectrophotometric measurements (Nanodrop 1000, Thermo Scientific, Wilmington, DE, USA). For cDNA synthesis, 4000 ng of total RNA was reversely transcribed using random hexamers (Applied Biosystems, Foster City, CA, USA) and Superscript III reverse transcriptase (Invitrogen Life Technologies, Paisley, UK) according to the manufacturer's description. Recombinant RNaseout ® Ribonuclease Inhibitor (Invitrogen) was added to prevent RNase-mediated degradation. All cDNA reactions were run in duplicate and the products pooled for further analysis. Real-time qPCR was performed by means of TaqMan ® probe and primer sets for target and reference genes chosen from an on-line catalogue (Applied Biosystems). In addition to Tph2 (assay no. Rn00598017 m1), two control genes were analysed: tyrosine-3-monooxygenase (Ywhaz, assay no. Rn00755072 m1) and hypoxanthine phosphoribosyltransferase 1 (Hprt1, assay no. Rn01527840 m1). The sets were loaded onto 384 well plates by a pipetting robot with each well being loaded with cDNA corresponding to 60 ng of RNA, 4.5 l nuclease free water, 0.5 l TaqMan ® assay and 5 l TaqMan ® Gene Expression Master Mix (Applied Biosystems) to a final volume of 10 l. The plates were analysed using the QuantStudio 12 k Flex (Life Technologies, Carlsbad, CA, USA). Thermal cycling conditions were 50 • C for 2 min and 95 • C for 10 min, followed by 40 cycles of 95 • C for 15 s and of 60 • C for 1 min. All reactions were run in triplicate and in the presence of several non-template controls. A sample was excluded if it differed from the mean of the two other samples by ≥0.5Ct. The stability of the control genes was assessed using the NormFinder algorithm (http://moma.dk/normfinder-software); since Hprt1 proved to be the most stable while Ywhaz was less stable than Tph2 itself we used Hprt1 rather than the mean of the two control genes to normalise expression levels. Gene expression values were calculated based on the C t method [33] .
Plasma testosterone measurement
At decapitation, trunk blood was collected in 2 ml Eppendorf tubes and allowed to coagulate at room temperature for 1 h before being centrifuged at 6500 rpm for 10 min. The plasma fraction was pipetted to new tubes and frozen at −20 • C. An EIA-5179 ELISA rat testosterone kit (DRG Instruments GmbH, Marburg, Germany) was used to determine total testosterone concentration according to the manufacturer's instruction. The analysis was done on a SpextraMax Gemini XS (Molecular Devices, Sunnyvale, CA, USA).
Statistical analyses
The HO sham, HO GDX, LO sham and LO GDX groups were compared with respect to time spent on open arms and entries made onto open arms at the second EPM session by means of ANOVA followed by an LSD post-hoc test. For the third EPM, an ANOVA with subsequent LSD post-hoc test was first performed to test for differences between the various groups (HO GDX, p-CPA, etc.). Then, a two-way ANOVA was undertaken to check for possible treatment x gonadectomy interactions within the HO and LO groups respectively; a three way-ANOVA was avoided as it was felt that a three way-interaction term would be hard to interpret.
With respect to raphe Tph2 expression, we first compared saline-treated HO and LO animals in the gonadectomy and sham groups, respectively, by means of t tests. This split was chosen as we wanted to see if we could replicate an earlier finding of differences with respect to Tph2 levels between (intact) LO and HO animals [30] . After this, an ANCOVA was performed to check for possible temperament (HO/LO) x gonadectomy interactions (with time upon open arms at session 1 set as a covariate) with respect to Tph2 levels in saline-receiving animals. A possible difference between intact HO and LO animals with respect to serum testosterone levels was assessed using a t test.
Behavioural tests
In the second EPM session, gonadectomy reduced time spent on open arms (but not entries onto open arms) in HO (sham 21.0 ± 3.7, GDX 11.23 ± 2.48; n = 20; p = 0.04) but not LO rats (sham 2.0 ± 0.9, GDX 2.3 ± 1.9; n = 20, 22 in HO, sham; p = 0.9, data given as means ±SEM% of total time). This effect persisted to the third EPM test. As previously reported [30] , p-CPA increased time spent on open arms in intact LO, but not HO animals; in gonadectomised rats depletion with p-CPA increased time spent on open arms in HO as well as LO animals (Fig. 1A) . Data regarding entries onto open arms corresponded roughly to those regarding time spent on open arms (Fig. 1B) and p-CPA also increased entries to closed arms in HO GDX animals and in both LO groups (Fig. 1C) . The two-way ANOVA revealed a significant (p = 0.04) interaction between treatment and gonadal status in HO but not LO animals in regards to time spent on open arms. Values are given as means ± SEM. n = 10 in LO sham saline, LO sham p-CPA. LO GDX saline and HO GDX saline, otherwise n = 11. Significance symbols: * associated with a black bar represents level of significance for the difference between rats belonging to the same temperament (HO/LO) and gonadal status (GDX/sham) group but given either saline or para-chlorophenylalanine (p-CPA); * associated with a bracket represents level of significance for the difference between saline-treated sham and saline-treated GDX animals within the same temperament group; † (upper row for the bars of p-CPA groups) represents level of significance between saline or p-CPA treated HO rats and the corresponding LO group. Absence of symbol(s) indicates a p-value larger than 0.1 for the relevant comparison(s). n.s. non-significant, *, † p < 0.05, **, † † p < 0.01, *** p < 0.001.
Tph2 expression
Otherwise untreated (i.e. sham-operated and given saline) LO rats displayed elevated levels of Tph2 as compared to the HO group; no corresponding difference was seen in GDX rats. The ANCOVA revealed a significant interaction between temperament and gonadal status (p = 0.02) as well as significant effects of gonadectomy (p = 0.04) and temperament (p = 0.02) (Fig. 2) , GDX enhancing Tph2 levels in HO but decreasing them in LO animals.
Testosterone levels
There was no difference between otherwise untreated HO and LO rats with respect to serum testosterone lev- Fig. 2 . Expression of tryptophan hydroxylase 2 (Tph2) mRNA in the raphe nuclei and total plasma testosterone levels (B); n = 9 in LO the sham and HO gonadectomy (GDX) groups, n = 10 in the HO sham and LO GDX groups in A and n = 10 in LO, 9 in HO in B. Values in A are expressed as geometric means ± SEM relative to the HO sham group, the mean of which is set to 1. In B, values are given as means ± SEM. Significance symbols (*) associated with a specific bar represent levels of significance for the difference between sham and GDX animals within each temperament group: n.s. non-significant, * p < 0.05. els: LO 3.4 ± 0.5 ng/ml, n = 9, HO 2.3 ± 0.4 ng/ml, n = 10, p = 0.1 (means ± SEM).
Discussion
The main findings of these experiments are i) that gonadectomy enhances anxiety-like behaviour in HO but not LO animals, ii) that this effect is reversed by serotonin depletion, and iii) that the positive association between Tph2 and anxiety-like behaviour observed in sham-operated animals is abolished by GDX. The results suggest that androgens may be of importance for upholding inter-individual differences in anxiety-like behaviour by reducing such behaviour in HO animals and that this influence requires the presence of serotonin.
Our finding that GDX enhanced anxiety-like behaviour in the EPM paradigm is in line with some [19, 34] but not all previous studies [22] on this matter. The present observation that the effect of GDX was not observed in all animals, but highly dependent on baseline anxiety, may shed some light on why the previous literature on this issue has not been unanimous. However, androgens exerting an anxiolytic-like influence in the EPM is supported also by the findings that androgen-insensitive animals display increased anxiety-like behaviour [35] while androgen administration to intact males decreases it [36] .
The observation that GDX eliminated the difference between HO and LO rats -by enhancing anxiety-like behaviour in the former but not the latter group -suggests that differences in androgenicity may contribute to inter-individual differences in EPM performance within a batch of outbred male Wistar rats. No analysis of central testosterone levels was undertaken, as the mRNA extraction protocol did not allow for this but no differences with respect to plasma testosterone levels were found. Though a dose-response relationship between androgens and anxiety-like behaviour is an appealing notion it could also well be so that variation within the physiological range have little impact on anxiety-like behaviour in the EPM; also, a relationship could exist but rather reflect variation only in central androgen levels. Several studies have demonstrated an ability of exogenous testosterone to produce anxiolytic-like responses in intact male rats in tests such as the Vogel conflict test [37] , the light-dark test [38] , and the EPM [36] (but see Ref. [38] ); however, the doses then employed are invariably supra-physiological and the relevance of the data thus limited when discussing a possible impact of variation in physiological levels on behaviour. It could well be so that the differences observed in this study are related to differential downstream responses to roughly similar levels of circulating androgens.
Of course, the lack of effect of castration on anxiety-like behaviour in LO animals could conceivably be due to a floor effect in these already very cautious animals, although our previous observation that time spent on open arms in LO rats can be further reduced by pharmacological interventions [30] would argue against this interpretation.
If the dampening influence of androgens on anxiety-like behaviour were mediated by a reduction in serotonergic output, one would expect the effect of GDX in HO animals to be reversed by serotonin depletion. This was indeed the case; as p-CPA enhanced presence on open arms in HO GDX rats but not in HO sham animals, there was no longer any difference between GDX and sham-operated rats with respect to EPM performance after serotonin depletion. This result contrasts to what has previously been shown for aggressive and sexual behaviour; unlike the effect of GDX on anxiety-like behaviour in the present study, the reduction in aggression and sexual activity following castration is hence not counteracted by serotonin depletion [27] [28] [29] . Ideally, but not possible in this experiment due to logistical constraints, a re-challenge group to study whether exogenous testosterone could re-instate these temperament differences would have been included.
The observation that p-CPA reduced anxiety-like behaviour in sham operated LO rats, hence eliminating the behavioural difference between sham operated HO and sham operated LO rats, is a replication of what we have previously reported [30] . Also in line with a that study, we observed a correlation between raphe Tph2 expression and anxiety-like behaviour in otherwise untreated animals suggesting inter-individual differences in an anxiogenic influence of serotonin to contribute to inter-individual differences in EPM behaviour (see also Refs. [39] [40] [41] [42] ). Supporting the notion that the effect of GDX in HO animals may indeed be caused by an interaction with brain serotonergic transmission, this association was not observed in GDX animals. In the same vein, there existed a significant interaction between baseline behaviour and gonadal status with respect to Tph2 levels, the influence of GDX on Tph2 in HO and LO rats, respectively, hence appeared to be of an equalising nature.
Finally, the anxiolytic-like effect of p-CPA seen in gonadectomised HO animals could conceivably be taken not as support for the notion that the anxiogenic-like effect of gonadectomy in HO animals is serotonin-dependent but simply as an indication of a strong, general anxiolytic-like effect of serotonin depletion that is absent in intact HO animals due to a ceiling effect. However, the Tph2 findings gainsay such an interpretation, as does the fact that animals bred for both low as well as high anxiety-like behaviour in the EPM display an anxiolytic like-effect in the same paradigm upon benzodiazepine administration [43] while the effect of p-CPA in both the present and an earlier study [30] was dependent on baseline temperament. We would argue that the most parsimonious interpretation of the present data is that depletion exerts a temperament-and androgen-dependent effect and that the presence of an anxiolytic-like effect in gonadectomised but not intact HO animals along with the biochemical data indicate that serotonin and male gonadal hormones interact to create the differences in temperament observed in the EPM.
Conclusions
The present data indicate that gonadectomy abolishes interindividual differences in anxiety-like behaviour in Wistar males by exerting an anxiogenic-like effect in animals displaying low "anxiety" at baseline, tentatively by unleashing an anxiogenic serotonergic influence. The results suggest that the facilitating influence of testosterone on open arm exploration in the EPM, unlike the facilitating influence of the same hormone on aggression and sexual behaviour, may at least partly be mediated by a reduction in serotonergic output.
